Abstract. Obesity-related glomerulopathy (ORG) is morphologically characterized by glomerulomegaly with or without observable focal segmental glomerulosclerosis under light microscope, with decreased podocyte density and number, and with increased foot-process width observed under electron microscope. The severity of podocyte injury is correlated with the degree of proteinuria and renal dysfunction. However, the pathogenesis of ORG is not well understood. The aim of the present study was to explore the possible pathogenic role of aldosterone (ALDO) in ORG. In the in vivo animal experiments, body weight, Lee's obesity index, abdominal fat index, urinary protein excretion, average glomerular diameter were significantly increased, the mRNA and protein expression of podocyte-associated molecules including nephrin, podocin, podoplanin and podocalyxin were significantly reduced, and the Wnt/β-catenin signaling pathway was activated in ORG model mice compared with the Control mice, whereas the administration of spironolactone significantly ameliorated these effects. In the in vitro experiments on cultured podocytes, the mRNA and protein expression levels of the aforementioned podocyte-associated molecules were significantly downregulated and the Wnt/β-catenin signaling pathway was activated following ALDO stimulation, whereas eplerenone significantly attenuated all the above effects. Dickkopf-related protein 1 (DKK1), an inhibitor of Wnt/β-catenin signaling pathway, also reduced the effects of ALDO exposure on the expression of podocyte-associated molecules. The present study hypothesized that ALDO may be involved in the pathogenesis of ORG through the activation of Wnt/β-catenin signaling pathway in podocytes.
Introduction
Obesity is a worldwide public health concern, the prevalence of which has continuously increased over the past decades (1) (2) (3) . In 2014, the World Health Organization estimated that ~2 billion people were overweight and ~600 million of these were obese (4) . Obesity is an independent risk factor for renal dysfunction and chronic kidney disease, and may directly lead to kidney injury, known as obesity-related glomerulopathy (ORG) (3, (5) (6) (7) . As the number of patients with obesity rises, the incidence rate of ORG is also rapidly increasing. A previous study reported that among 6,818 patients that underwent renal biopsy, the percentage of patients with ORG increased from 0.2% in 1986-1990 to 2% in 1996-2000 (6) . Another study reported that among the renal biopsy cases at a Chinese nephrology center, patients with ORG accounted for 3.80% in 2006-2008 and 9.85% in 2010-2015 (7) . Therefore, an increasing number of studies are investigating ORG.
The pathological features of ORG include glomerulomegaly with or without focal segmental glomerulosclerosis detectable under light microscopy, and decreased podocyte density and number with increased foot-process width observable under electron microscopy (6) (7) (8) (9) . The severity of podocyte injury has been correlated with the degree of proteinuria and renal dysfunction; therefore, podocyte injury is considered a hallmark of ORG and serves a pivotal role in the initiation and progression of ORG (9) (10) (11) .
Previous studies have demonstrated that mineralocorticoid receptor (MR) was expressed in in vitro cultured podocytes as well as in in vivo glomerular podocytes (12) (13) (14) (15) (16) , and elevated serum aldosterone (ALDO) levels were also reported in the patients with metabolic syndrome as well as in the rat models of metabolic syndrome (12, 16) . Therefore, it is necessary to determine whether ALDO exposure may exert direct harmful effects on podocytes by binding with MR in the pathogenesis of metabolic syndrome. A study from 2006 reported that Aldosterone is involved in the pathogenesis of obesity-related glomerulopathy through activation of Wnt/β-catenin signaling in podocytes a spontaneously hypertensive rats/NDmcr-cp (SHR/cp) rat model of metabolic syndrome exhibited increased proteinuria and podocyte injury (12) . Notably, elevated serum ALDO levels were observed in the SHR/cp rats and a positive correlation was determined between serum ALDO levels and proteinuria. Furthermore, administration of eplerenone, a selective MR antagonist, effectively reduced proteinuria and alleviated podocyte injury. These data indicated that ALDO may be involved in the pathogenesis of kidney damage in the metabolic syndrome model (12, 14, 15) . However, renal histological changes were not apparent in this model, and the glomerular diameters were not measured in this study; therefore, the kidney damage in this metabolic syndrome model may not be considered as ORG. Wnt/β-catenin signaling in podocytes serves a crucial role in integrating cell adhesion, motility, differentiation and survival (17) . Podocyte injury and proteinuria were observed in the mouse model of Adriamycin-induced nephropathy (18) (19) (20) , a mouse model of transforming growth factor (TGF)-β-driven kidney damage (21) . In a previous study, it was demonstrated that patients with focal and segmental glomerulosclerosis induced podocyte injury and proteinuria (18) . Additionally, in patients with diabetic nephropathy and in mice models of diabetic kidney disease, the proteinuria and podocyte injury was observed (17, 19, 22) . Additionally, accumulating evidence has suggested that activation of Wnt/β-catenin signaling pathway induces proteinuria and podocyte dysfunction, such as diabetic nephropathy and adriamycin-induced nephropathy (8, 23, 24) .
Our previous study demonstrated the activation of Wnt/β-catenin signaling in podocytes in the ORG mouse model (25) ; however, the pathogenic role of ALDO and the relationship between ALDO and the activation of Wnt/β-catenin signaling in this ORG model have not been explored.
The present study used in vivo and in vitro experiments to investigate the pathogenic roles of ALDO in podocyte injury of ORG and the possible role of activated Wnt/β-catenin signaling in mediating podocyte injury. It was demonstrated that ALDO was involved in pathogenesis of ORG and podocyte lesion. Podocyte injury were observed in ORG model and cultured podocytes were stimulated with ALDO. These alterations were alleviated by Spironolactone and eplerenone (EPL). In addition, the Wnt inhibitory factor Dickkopf protein-1 (DKK1), not only inhibited Wnt/β-catenin signaling activity, but also protected ALDO-induced podocyte injury. The present study suggested that activation of Wnt/β-catenin signaling pathway is involved in podocyte lesion caused by ALDO and is involved in ORG and podocyte injury.
Materials and methods
Animal model and grouping. Male C57BL/6J mice (n=18; age, 6 weeks; weight, 20±2 g; Sibeifu Biology Technology Co., Ltd., Beijing, China) were housed in a 50~60% humidity and temperature (20-26˚C)-and light (light/dark cycle: 12 h light, 12 h dark)-controlled animal room of specific-pathogen-free cleanliness grade. Mice were randomly divided into the following 3 groups: i) Control group (n=6), which were fed a common diet ad libitum that contained fat accounting for 10% kcal (Beijing Huafukang Biological Technology Co., Ltd., Beijing, China); ii) ORG model group (n=6), which were fed a high-fat diet that contained fat accounting for 60% kcal (Research Diet, Inc., New Brunswick, NJ, USA) as described by us previously (26) ; and iii) Spironolactone intervention group (n=6), which also were the high-fat diet, and at week 9 received daily subcutaneous injections of spironolactone (20 mg/kg/d; catalog no. Y0001295; Sigma-Aldrich; Merck KGaA, Darmstadt, Germany), a non-selective MR antagonist, that was dissolved in 60% propylene glycol; mice in the Control group and in the ORG model group received daily subcutaneous injections of 60% propylene glycol only. All mice were sacrificed at the end of 12th week and the kidneys collected. Mice were scarified by 100% carbon dioxide. The filling rate was 20% of the volume of the chamber per minute to achieve animal unconsciousness rapidly and reduce animal pain. The sign of death is the lack of respiration and fading of the eye-color. Once these two phenomena were observed, mice were removed from the box. A portion of the kidney tissue was fixed in 4% neutral formaldehyde solution for 48 h in room temperature, for light microscopy; the remaining of the kidney tissue was rapidly frozen in liquid nitrogen for use in reverse transcription-quantitative polymerase chain reaction (RT-qPCR) and western blotting assays.
All animal care and experimental protocols complied with the US National Institutes of Health Guide for the Care and Use of Laboratory Animals (publication no. 1996) and were approved by the Institutional Animal Care and Use Committee of Capital Medical University (Beijing, China).
Cell culture and experimental protocols. A conditionally immortalized mouse podocyte cell line was kindly provided by Professor Maria Pia Rastaldi (San Carlo Hospital, University of Milan, Italy) and cultured as described previously (25) . Briefly, podocytes were grown in RPMI-1640 with 10% fetal bovine serum (FBS; Gibco; Thermo Fisher Scientific, Waltham, MA, USA) with mouse recombinant interferon-γ (20 U/ml (IFN-γ; Sigma-Aldrich; Merck KGaA) at 33˚C, and subsequently differentiated in RPMI-1640 without interferon-γ at 37˚C. Results from preliminary experiments were similar to previously described results of podocytes cultured in serum-containing medium and serum-free medium with 2% FBS (data not shown) following aldosterone and/or eplerenone stimulation (27) (28) (29) . Based on these date, serum-free medium was used for podocyte culture for subsequent experiments post-stimulation.
In the first set of experiments, podocytes were incubated in RPMI-1640 medium only, in medium containing ALDO (cat. no. A9477, Sigma-Aldrich; Merck KGaA), in medium containing eplerenone (cat. no. E6657, Sigma-Aldrich; Merck KGaA) or in medium containing both eplerenone and ALDO (cells in this group were pre-incubated with eplerenone for 30 min at 37˚C, and subsequently incubated with both eplerenone and ALDO). The concentration of ALDO and eplerenone in the media was 10 -7 and 10 -5 mol/l, respectively. Cells were incubated for 12 or 24 h at 37˚C and harvested for RT-qPCR or western blotting assays, respectively.
In the second set of experiments, podocytes were incubated in RPMI-1640 medium only, in medium containing ALDO, in medium containing Dickkopf-related protein 1 (DKK1, a well-known inhibitor of Wnt/β-catenin signaling; cat. no. 5897-DK, R&D Systems, Inc., Minneapolis, MN, USA) or in medium containing DKK1 and ALDO (cells in this group were pre-incubated with DKK1 for 1 h at 37˚C, followed by incubation with DKK1 and ALDO). Cells were incubated and harvested for RT-qPCR and western blotting as aforementioned.
Biological parameters. Mouse body weight was measured every 4 weeks and body length was measured at week 12. Nocturnal 12 h urine samples were collected at weeks 0 and 12 to measure urinary protein using a Bradford Protein Assay kit (Beyotime Institute of Biotechnology, Shanghai, China), according to the manufacturer's protocol. Blood and urine samples were collected at week 12 to measure serum triglycerides, serum cholesterol and blood glucose levels, as well as serum and urine creatinine levels using an Olympus AU5400 Chemistry Analyzer (Olympus Corporation, Tokyo, Japan). Following sacrifice, the weight of visceral fat mass was measured as previously described (30) and the weight of kidney was also measured.
The follows formulas were used: Lee's obesity index=[(Body weight (g) x1,000)1/3]/Body length (cm) (31, 32) ; abdominal visceral fat index=[abdominal visceral fat mass (g)/body weight (g)] x 100% (30); and creatinine clearance rate (ml/min)=[(urine creatinine (µmol/l) x urine volume (ml/min)]/serum creatinine (µmol/l) (33).
Histological examination. Fixed kidney cortical tissues were dehydrated, embedded, sectioned (3 µm) and stained with periodic acid-Schiff reagent. Paraffin production: A portion of kidney tissues were fixed in 4% neutral formaldehyde solution for 48 h. Subsequently, they were dehydrated with 70, 80, 90, 95, and 100% ethanol gradient, xylene transparent and 60˚C dipping wax. Paraffin embedding machine made wax, then making paraffin wax slicing machine. PAS slice thickness was 3 µm, and 58˚C for 1 h. PAS staining: 3 µm thick paraffin sections were dewaxed, washed with 1% periodic acid for 10 min, then were rinsed using tap water for 5 times and washed once with distilled water. Subsequently, Schiff reagent (cat. no. TR1337, ZSGB-BIO; OriGene Technologies, Inc., Beijing; China) was added for 30 min in the dark, rinsed with tap water for 5 times and washed 3 times with distilled water. Subsequently, hematoxylin Mayer dye was added for 5 min, rinsing with tap water for 5 times and washed 3 times with distilled water, then using hydrochloric acid alcohol differentiation for 10 sec, and rinsing with ethanol 3 times. Finally, xylene was transparent and neutral resin sheet was produces. A total of 20 images of glomerular maximal profiles with vascular pole and/or urinary pole were captured using a confocal microscope (x400 magnification). The two longest perpendicular diameters of the glomerular capillary tufts were measured using the Nikon NIS-Elements Basic Research Image Analysis software (Nikon NIS-Elements Basic Research Image Analysis software 3.0; Nikon Corporation, Tokyo, Japan), and the mean value was calculated (25, 26, 34) . In addition, images of 20 random visual fields containing only tubules and interstitium were captured (x200 magnification), and the relative area of tubules displaying vacuolar degeneration of cytoplasm in each visual field was assessed using a semi-quantitative method, and then their mean value was calculated. A semi-quantitative method described as: 'Each slice randomly selected with 20 visual fields, the area of vacuolated tubules that accounted for <25, 26-50, 51-75 or >75% of the visual field were given lesion scores of 1, 2, 3 and 4, respectively' (35) . Calculating mean value in every slice, then calculating the mean value of every group.
Reverse transcription and RT-qPCR. Total RNA (50 µg) was extracted from the renal cortex of mouse kidney or 30-40,000 cultured podocytes/dish using the TRIzol RNA isolation system (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) according to the manufacturer's protocol. RNA (2 µg) was reverse transcribed to cDNA with Moloney Murine Leukemia Virus reverse transcriptase (Beijing TransGen Biotech Co., Ltd., Beijing, China) as follows: Incubation for 30 min at 42˚C, inactivation in 85˚C for 5 min, followed by incubation at 12˚C. The synthetic cDNA is preserved at -20˚C. qPCR was performed using SYBR-Green labelled kit (TransGen Biotech, Beijing, China) under a Rotor-Gene 6000 thermocycler (Qiagen GmbH, Hilden, Germany). The thermocycling profile was as denaturation follows: Initial denaturation at 95˚C for 60 sec, followed by 40 cycles of at 95˚C (15 sec), annealing at 60˚C (15 sec) and extension at 72˚C (45 sec). Gene-specific primers were designed using GenBank (www.ncbi.nlm.nih.gov/tools/primer-blast/index.cgi?LINK_ LOC=BlastHome) and synthesized by Beijing SBS Genetech Co., Ltd. (Beijing, China) (Table I) . A no template control was used as a negative control. mRNA expression levels of various genes were calculated following normalizing with GAPDH expression. Reactions were performed in triplicate and quantification cycle (Cq) numbers were averaged. Relative mRNA expression levels were calculated according to the formula: 2 -(target gene Cq -control gene Cq) x10 3 (36) .
Western blot analysis. The tissue was removed from the liquid nitrogen and placed on ice and into the homogenizer, where Ripa lysis buffer (R0010-100 ml; Beyotime Institute of Biotechnology) with protease inhibitors was added following homogenization. Subsequently, the suspension was transferred to the sterilization of the EP tube (Eppendorf AG, Hamburg, Germany), and centrifuged at a low temperature high speed centrifuge at 10,000 x g for 10 min, the supernatant was transferred to the EP tube. All incubations were performed on ice. Total protein was extracted from mouse renal cortex or cultured podocytes (200 µg) using Cell Lysis Buffer (Cell Signaling Technology, Inc., Danvers, MA, USA). Lysate samples were boiled for 5 min, and proteins (40 µg) were separated by 10% SDS-PAGE followed by transferred to nitrocellulose membranes (GE Healthcare Life Sciences, Little Chalfont, UK). Following blocking with 5% skim milk in PBS containing 0.1% Tween-20 for 1 h at room temperature, the membranes were incubated with various primary antibodies at 4˚C overnight, followed by incubation with the corresponding fluorophore-labeled secondary antibodies at room temperature for 1 h. The primary and secondary antibodies are listed in Table II . The blotted proteins were quantified using an Odyssey Infrared Imaging System (LI-COR Biosciences, Lincoln, NE, USA). β-actin was used as internal loading control. The relative expression level of each target protein was normalized to β-actin. All assays were performed at least in triplicate. The relative level of phosphorylated (p)-β-catenin was expressed as the ratio of p-β-catenin/total β-catenin using image J 1.51j8 (Image J, National Institutes of Health, Bethesda, MD, USA).
Statistical analysis. All data of continuous variables were expressed as the mean ± standard deviation and analyzed using SPSS 16.0 statistical software (SPSS, Inc., Chicago, IL, USA). One-way analysis of variance followed by the Dunnett's test was performed to evaluate the significant differences among groups. P<0.05 was considered to indicate a statistically significant difference.
Results
Spironolactone improves biological parameters of ORG model mice. No significant differences in body weight were identified among the three groups week 0 (P>0.05; Fig. 1A Also at week 12, the levels of serum triglyceride and cholesterol in the Model group were significantly increased compared with the Control group (P<0.05 and P<0.01, respectively; Table III) , whereas these parameters were significantly decreased in the Spironolactone group compared with the Model group (P<0.05). No significant difference was identified for blood glucose levels among the three groups (P>0.05; Table III) .
There was no significant difference identified for the nocturnal 12 h urinary protein excretion among the three groups at week 0 (P>0.05 ; Fig. 1B) ; however, at week 12, urinary protein excretion in the Model group was significantly higher compared with the Control group (P<0.05), and mice treated with spironolactone exhibited a significantly lower level of urine protein compared with the Model group (P<0.05). In addition, creatinine clearance rate in the model group was significantly higher compared with the Control group (P<0.05; Table III ), whereas this level was significantly reduced in the Spironolactone group compared with mice in the Model group (P<0.05).
Spironolactone alleviates renal histological lesions in ORG model mice.
The average glomerular diameter in kidneys from mice in the Model group was significantly larger compared with the Control group (P<0.01; Fig. 2A and B) , and the glomerular diameter in the Spironolactone group was significantly smaller compared with the Model group (P<0.05). The average tubular lesion score in the kidneys from Model group mice was significantly higher compared with mice in the Control group (P<0.01; Fig. 2C and D) , whereas the lesion score in the Spironolactone group was significantly lower compared with the Model group (P<0.01).
Spironolactone improves the expression of podocyte-associated molecules in ORG model mice.
The mRNA and protein expression levels of podocyte-associated molecules, including nephrin, podocin, podoplanin and podocalyxin, in the kidney cortical tissue was significantly downregulated in Model group mice compared with mice in the Control group (Fig. 3A and B, respectively) . Treatment with spironolactone significantly upregulated the mRNA and protein expression of these molecules, compared with the model group.
Spironolactone inhibits the activation of Wnt/β-catenin signaling in ORG mice.
The mRNA expression levels of Wnt1, Wnt2b, Wnt6 and β-catenin in the kidney cortical tissue were significantly upregulated in ORG model mice compared with the respective expression levels in the Control group (P<0.05; Fig. 4A ). ORG model mice treated with spironolactone exhibited significantly downregulated expression levels of Wnt1, Wnt2b, Wnt6 and β-catenin compared untreated mice in the Model group (P<0.05).
The expression level of p-β-catenin protein was significantly decreased in Model group mice compared with expression in the Control group (P<0.01; Fig. 4B ); p-β-catenin protein expression level was significantly increased in Spironolactone group mice compared mice in the Model group (P<0.05).
ALDO-induced activation of Wnt/β-catenin signaling and expression of podocyte-associated molecules are reversed by eplerenone treatment.
The mRNA expression levels of Wnt1, Fig. 5A ). ALDO-treated cells that were co-treated with eplerenone exhibited significantly downregulated expression levels of these podocyte-associated molecules compared with the ALDO-only group (P<0.05). The level of p-β-catenin protein expression in cultured podocytes was significantly decreased in the ALDO group compared with the control group (P<0.05; Fig. 5B ) and significantly increased in the eplerenone + ALDO group compared with the ALDO-only group (P<0.05).
The mRNA and protein expression levels of additional podocyte-associated molecules, including nephrin, podocin, podoplanin and podocalyxin in cultured podocytes were significantly reduced in the ALDO group compared with expression levels in the Control group (P<0.05, P<0.01; Fig. 6A and B, respectively) ; the mRNA and protein expression levels of these molecules were significantly upregulated in cells co-treated with eplerenone and ALDO, compared with the respective expression levels in the ALDO-only treatment group (P<0.05, P<0.01).
ALDO-induced downregulation of p-β-catenin protein expression and podocyte-associated molecules expression levels are reversed by treatment with DKK1.
The expression level of p-β-catenin protein in cultured podocytes was significantly decreased in the ALDO group compared with the Control group (P<0.01; Fig. 7) , and p-β-catenin protein expression was significantly increased in cells co-treated with ALDO and DKK1 compared with the expression level of those in the ALDO-only treatment group (P<0.05). The mRNA and protein expression levels of the podocyte-associated molecules nephrin, podocin, podoplanin and podocalyxin in cultured podocytes were significantly reduced in cells treated with ALDO compared with untreated cells in the Control group (P<0.05, <0.01; Fig. 8A and B, respectively); the expression levels of these molecules was significantly upregulated in cells co-treated with ALDO and DKK1 compared with the expression levels in those cells in the ALDO-only treatment group (P<0.05).
Discussion
A number of structural changes of podocytes have been observed under electron microscope in patients with ORG and in animal models of ORG, including hypertrophied podocytes, decreased podocyte density and number, and increased foot-process width on the peripheral basement membrane are the most common manifestations (8, 12) . In addition, podocyte detachment from basement membrane may also be seen in obesity-associated focal and segmental glomerulosclerosis (9) (10) (11) 37) . Recently, it has been reported that an increase in the number of podocalyxin-positive cells in the urine may be used as a biomarker for detecting early kidney damage in obese patients, owing to the possible shedding of podocytes from the glomerular basement membrane into urine during ORG pathogenesis (38) . Based on these data, podocyte injury is considered the hallmark of ORG. Therefore, the present study selected podocytes to be used as the principal research object.
The pathogenic mechanism of ORG has not been fully elucidated, and there are many factors that may result in podocyte injury and dysfunction in ORG (8, 11) . Obese patients (16, (35) (36) (37) and obese rats (12) often exhibit elevated levels of circulating ALDO. Adipocytes are able to produce a number of ALDO-releasing substances, which stimulate adrenal ALDO secretion independently of angiotensin Ⅱ (4, 11, 16, (39) (40) (41) (42) . In addition, adipocytes themselves are able to synthesize and secrete ALDO (39, 43) . Previous studies have demonstrated that both circulating ALDO and adipocyte-derived ALDO participate in the development of obesity-related hypertension and cardiovascular complications (39, 40, 42, 43) . Therefore, the present study conducted a preliminary exploration into whether ALDO participated in ORG pathogenesis.
ORG model mice in the present study exhibited increased urine protein excretion and elevated creatinine clearance rate, glomerulomegaly and podocyte injury, as indicated by the downregulated mRNA and protein expression levels of podocyte-associated molecules. However, ORG model mice treated with spironolactone exhibited a significant reduction of these effects. These results suggested that ALDO may be involved, at least in part, in the pathogenesis of ORG. In cultured podocytes, ALDO treatment significantly reduced the mRNA and protein expression levels of podocyte-associated molecules, whereas co-treatment with eplerenone reversed these effects. These results suggested that ALDO treatment may exert a direct harmful effect on podocytes, perhaps through binding to and activating MRs in podocytes, which may lead to subsequent podocyte injury. Foot processes can be divided into 3 specific membrane zones: basal, lateral and apical regions. Besides nephrin and podocin, the salivary protein podocalyxin in the podocytes can maintain the negative charge. The basal aspect adheres to the glomerular basement membrane firmly via podoplanin. Through the analysis of podocyte proteins in these different membrane regions, it will help understand the podocyte injury (7, 8) .
It has been suggested that Wnt/β-catenin signaling serves a pivotal role in causing podocyte injury and dysfunction. For example, the activation of Wnt/β-catenin signaling has been observed in a wide range of proteinuric kidney diseases, including in animal models of Adriamycin-induced nephropathy, diabetic kidney disease and TGF-β-driven kidney damage, as well as in patients with focal and segmental glomerulosclerosis or diabetic kidney disease (18) (19) (20) (21) (22) . The Wnts are part of a family comprising 19 secretory proteins. Upon binding to cell membrane receptors, Wnts induce a series of downstream signaling events, which lead to the dephosphorylation of β-catenin. The activated β-catenin in cytoplasm is subsequently translocated into nucleus, where it regulates the transcription of Wnt target genes, thus controlling myriad biological processes (20, (44) (45) (46) . Therefore, the present study investigated the role of Wnt/β-catenin signaling in ALDO-induced podocyte injury in ORG.
P revious st udies have fa iled to add ress how Wnt/β-catenin signaling is activated in the ORG model mice and ALDO-induced podocyte injury. Results from the present in vivo and in vitro experiments demonstrated that Wnt/β-catenin signaling was activated in the ORG model mice and in the ALDO-stimulated podocytes, as indicated by the upregulated mRNA expression levels of Wnt1, Wnt2, Wnt6 and β-catenin, as well as the reduction in p-β-catenin protein expression, whereas administration of MR antagonists (spironolactone or eplerenone) significantly improved Wnt/β-catenin signaling activation. In addition, the activation of Wnt/β-catenin signaling was accompanied by podocyte injury, which suggested that activated Wnt/β-catenin signaling may lead to podocyte injury. In order to verify this inference, DKK1, an inhibitor of Wnt signaling, was added in the culture medium of podocytes containing ALDO. The experimental result revealed that DKK1 intervention was able to alleviate ALDO-induced podocyte injury, which further indicated that activated Wnt/β-catenin signaling may be involved in ALDO-induced podocyte injury in ORG.
In conclusion, results from the present study demonstrated that ALDO exerted a direct injury effect on podocytes in vitro and participated, at least in part, in ORG pathogenesis, which caused podocyte injury and proteinuria in vivo. Our studies also show that the activation of Wnt/β-catenin signaling plays a pivotal role in the ALDO-induced podocyte injury. So, In view of the above, it can be concluded that ALDO is involved in the pathogenesis of ORG via activation of Wnt/β-catenin signaling in podocytes. 
